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Abstract. We usea new versionof our numericalmodel
for particle propagationin the Galaxy to study radioactive
secondaries.For evaluationof theproductioncrosssections
we usethe Los Alamoscompilationof all availableexperi-
mentalcrosssectionstogetherwith calculationsusingtheim-
provedCascade-ExcitonModel codeCEM2k. Usingthera-
dioactivesecondaryratios ��� Al/ ��� Al, ��� Cl/Cl, ��� Mn/Mn, we
show how the improved cross-sectioncalculationstogether
with the new propagationcodeallow us to betterconstrain
thesizeof theCRhalo.

1 Introduction

In recentyears,new andaccuratedatahavebecomeavailable
in CR astrophysics;more CR experimentsare plannedfor
launchin several yearsthat will tremendouslyincreasethe
qualityandaccuracy of CRdatamakingfurtherprogressde-
pendenton detailedmodels.Datawill continueto flow from
thehigh resolutiondetectorson Ulysses,AdvancedCompo-
sition Explorer (ACE) and Voyagerspacemissions. Sev-
eral high resolutionspaceexperimentswill be in orbit in
the nearest2–3 years,e.g., PAMELA to measureantipro-
tons,positrons,electrons,andisotopesH throughC over the
energy rangeof 0.1 to 200GeV, andAlpha MagneticSpec-
trometer(AMS) to measureparticleandnuclearspectrato
TeV enegies.

Measurementsof secondarystableandradioactive nuclei
in CR provide basicinformation necessaryto probelarge-
scaleGalacticproperties,such as the diffusion coefficient
andhalosize,aswell asmechanismsandsitesof CRacceler-
ation.Meanwhile,theaccuracy of many of thenuclearcross
sectionsusedin CRastrophysicsis farbehindtheaccuracy of
CR measurementsof thecurrentmissions,suchasUlysses,
ACE, andVoyager, andclearly becomesa factorrestricting
further progress.The widely usedsemi-phenomenological
systematicshavetypicaluncertaintiesmorethan 	�

� %,and
cansometimesbewrongby anorderof magnitude(Mashnik
2000andreferencestherein);this is reflectedin thevalueof

propagationparametersandleadsto uncertaintiesin the in-
terpretation.

We have previously describeda numericalmodel for the
GalaxyencompassingprimaryandsecondaryCR, � -raysand
synchrotronradiationin a commonframework (Stronget al.
2000andreferencestherein).Up to recentlyour GALPROP
codehandled2 spatialdimensions,��������� , togetherwith par-
ticle momentum� . This was usedas the basisfor studies
of CRreacceleration,thesizeof thehalo,positrons,antipro-
tons,darkmatterandtheinterpretationof diffusecontinuum
� -rays.

The experiencegainedfrom the original versionallowed
us to designa new versionof the model,entirely rewritten
in C++, which incorporatesessentialimprovementsover the
older model,andin which a 3-dimensionalspatialgrid can
beemployed.It is now possibleto solvethefull nuclearreac-
tion network onthespatiallyresolvedgrid. Wekeephowever
a “2D” option sincethis is often a sufficient approximation
andismuchfasterto computethanthefull 3Dcase.Thecode
canthusserve asa completesubstitutefor the conventional
“leaky-box” or “weighted-slab”propagationmodelsusually
employed,with many associatedadvantagessuchasthecor-
rect treatmentof radioactive nuclei, realisticgasandsource
distributionsetc.

In this paperwe show our preliminarycalculationsof the
radioactive secondaryratios ��� Al/ ��� Al, ��� Cl/Cl, ��� Mn/Mn
usingtheLosAlamoscompilationof experimentalcrosssec-
tionstogetherwith calculationsby thecodeCEM2k (recog-
nizedby the nuclearphysicscommunityasamongthe best
in predictivepowerascomparedwith othersimilar available
codes).

2 Model

The GALPROP modelshave beendescribedin full detail
elsewhere(StrongandMoskalenko, 1998). The resultsob-
tainedwith the new versionof GALPROP have beendis-
cussedin a recentreview (StrongandMoskalenko, 2001a),
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andthemostrecentupdatesaredescribedin StrongandMos-
kalenko (2001b).

In the new version, apart from the option of a full 3D
treatment,wehaveupdatedthecross-sectioncodeto include
latestmeasurementsandenergy dependentfitting functions.
Thenuclearreactionnetwork is built usingtheNuclearData
Sheets.Theberyllium andboronproductionwascalculated
using the authors’ fits to major productioncrosssections
C,N,O��������� Be,B. For the main channelsof productionof
isotopesof Al, Cl, Mn we useall experimentaldataavail-
ableto usfrom theT16LANL compilationby Mashniketal.
(1998)andcalculationsusingthe improvedversion(Mash-
nik andSierk,2000)of theCascade-ExcitonModel(Gudima
et al., 1983) codeCEM2k renormalizedto the dataif nec-
essary. This codeemploys sophisticatedmicrophysicsvia
MonteCarlocalculationsandit is difficult to useit “on-line”
with our propagationcode;othercrosssectionsarethuscal-
culatedusingthe Webberet al. (1990)(WNEWTR.FORof
1993)phenomenologicalapproximationrenormalizedto the
datawhereit exists. For this purposewe useour internal
databaseconsistingof morethan2000pointscollectedfrom
sourcespublishedin 1969–1999.(Anotheroption is to use
codeYIELDX 011000.FORby Silberberg and Tsao.) For
calculationof thetotal inelasticcrosssectionsweusethelat-
estversionof thecodeCROSEC(Barashenkov andPolanski,
1994).

Thereactionnetwork is solvedstartingat theheaviestnu-
clei (i.e. ��� Ni), solvingthepropagationequation,computing
all theresultingsecondarysourcefunctions,andproceeding
to thenucleiwith ���! . Theprocedureis repeateddown to
�#"$ . In this way all secondary, tertiaryetc.reactionsare
automaticallyaccountedfor. To be completelyaccuratefor
all isotopes,e.g.for somerarecasesof %�& -decay, thewhole
loop is repeatedtwice.

3 Production cross sections

Since the calculationswith the modernnuclearcodesare
very time consumingwe checkthe effect of the new cross
sectionsonly on the isotopesof Al, Cl, and Mn. The ra-
dioactive isotopesof theseelementsarethemainastrophysi-
caltimeclockswhichtogetherwith stablesecondaryisotopes
allow usto probeglobalGalacticCRproperties,in particular
thehalosize.

For isotopesof theseelementswe have chosenonly the
main productionchannelsto calculatemostaccurately. For
��� Al themainprogenitorsare ��� Al and ��' Si, thatfor ��� Al is
��' Si. For isotopesof Cl themainprogenitoris ��� Fe,but the
contribution of many lighter nuclei is equallyimportant. In
thecaseof Mn, themainprogenitoris ��� Fewith significant
contribution of otherisotopesof Fe,exceptfor ��� Mn where
only ��� Feis important.

Theexperimentaldatafor comparisonshouldbetakencare-
fully. Theexperimentaltechniquein thepast( � -spectrometry)
did notallow for theindividualpartialcrosssectionto beex-
tracted.Thosemeasuredrepresentthecrosssectionof all the

1

10

100

10 100 1000 10000

P
ro

du
ct

io
n 

cr
os

s 
se

ct
io

n,
 m

b

Kinetic energy, GeV/nucleon

natSi (p,x) Al26

W

ST

10

100

10 100 1000 10000

P
ro

du
ct

io
n 

cr
os

s 
se

ct
io

n,
 m

b

Kinetic energy, GeV/nucleon

Al27 (p,x) Al26

W

ST

1

10

100

10 100 1000 10000

P
ro

du
ct

io
n 

cr
os

s 
se

ct
io

n,
 m

b

Kinetic energy, GeV/nucleon

Si28 (p,x) Al27

W

ST

Fig. 1. Productioncrosssectionsof Al isotopes.The line coding:
solid line – ouradoptedcrosssection,dashes– Webberetal. (1990)
code(W), dash-dots– STcode.Dataaretakenfrom theT16LANL
compilationby Mashniket al. (1998).

nuclearreactionchainsendingat theparticularisotope,i.e.,
almostalwayscumulativeyields.

The simplestcaseis productionof Al isotopes,however
the abundantexperimentalmeasurementsexist only for the
naturalSi ()��� Al reaction.Naturalsiliconconsistsof 92%of
��' Si andtherestareisotopes��*,+ ��- Si,5%and3%respectively
(AndersandGrevesse,1989).Themeasuredcrosssectionof
thereaction.0/21 Si �3�4���5�6��� Al includealso .0/71 Si ������������� Si, but
thecontribution is small.

Fig. 1 shows the experimentaldatafor the inclusive re-
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action .0/71 Si �������5�6��� Al, ��� Al �������5�6��� Al, and ��' Si �3�4���5�6��� Al
togetherwith calculationsusingCEM2k andWebberet al.
(1990)andSilberberg andTsao(ST)codes.In caseof .0/71 Si,
calculationsincludeweightedcontributionof Si isotopes.Pro-
ductionof ��� Al is calculatedasthesumof ��� Al and ��� Si pro-
ductioncrosssections.In thisparticularcaseweusethedata
to renormalizethe ��' Si ���4��������� Al crosssectionscalculated
by CEM2k. In caseof thereaction��' Si �3�4�����6��� Al ( 89��� Mg)
we usea fit to the data, thoughthe renormalizedCEM2k
modelalsoworkswell abovesometensof MeV.

4 Propagation of cosmic rays

Our preferredmodelfor nucleipropagationis thatwith dif-
fusive reacceleration.Thoughit haspossibleproblemswith
secondaryantiprotonsandpositrons(Moskalenkoetal.,2001),
it describesthespectraof nucleiandthestablesecondary/pri-
marynucleiratioswell. We thuswill usethestochasticreac-
celerationmodel(SR-model)describedin Moskalenko et al.
(2001).

As in previous work, for eachhalo height �;: the model
is adjustedto fit B/C, andthe sourceabundancesat the ap-
propriateenergy adjustedto agreewith therelevantobserved
stablenucleiratios;thefluxesof theradioactive isotopesare
thencomputed.In this way theuncertaintyin thedenomina-
tor of the ratiosis reduced.The heliosphericmodulationis
takeninto accountusingtheforce-fieldapproximation.

Fig. 2 shows thepredictedinterstellarandmodulatedB/C
ratio comparedwith observations;the reaccelerationrepro-
ducesthepeakquitewell.

The caseof ��� Al/ ��� Al wasthe mostuncertaingiving the
largesthalo size in StrongandMoskalenko (2001a). From
Fig. 1 it is clearthat thediscrepancy betweenthecrosssec-
tion calculationsanddata,which oftenexceedsa factorof 2,
introducesa largeerrorin thecalculatedratio in CR.

Figs. 3-5 show ��� Al/ ��� Al, ��� Cl/Cl, ��� Mn/Mn ratios cal-
culatedwith thenew crosssections.For this calculationwe
usedthehalf-life timesof 0.87Myr ( ��� Al), 0.31Myr ( ��� Cl),
0.63Myr ( ��� Mn). TheACE datapointsimply a halosizeof
a few kpc. The new limits derived, ��� Al: 3.5–6kpc, ��� Cl:
4–15kpc, ��� Mn: 3–7kpc, areall consistentwith our limits
derivedfrom Be: 1.5–6kpc. Thenew limits includetheerror
barsof theelementalabundancemeasurementsfrom Ulysses
(DuVernoisandThayer,1996),to which we tuneour propa-
gatedabundances.However, for isotopesof Al andMn they
arelessimportantbecausethereis only onemajorprogenitor
in eachcase.

Fig.6 summarizesthehalosizeconstraintsobtainedin this
analysis.Theseestimatesarebasedon the four radioactive
isotopesby requiringconsistency of thecalculatedratiowith
theACE data(Yanasaket al., 2000)andtaking into account
theerrorbarson bothpredictionanddata.Also shown is the
rangederivedin (StrongandMoskalenko,2001a)employing
theWebberet al. (1990)crosssectioncode.

To removeuncertaintyconnectedwith elementalabundan-
ceserrors,weproposein futureto deriveratiosof all isotopes
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Fig. 2. B/C ratio ascalculatedfor a modelwith reacceleration.Up-
percurve: modulatedfor 450MV, lower curve: interstellar. Data:
seeStrongandMoskalenko (2001a).

of Al, Cl, Mn to the main progenitor, namely ���,+ ��� Al/ ��' Si,
���,<5��� Cl/ ��� Fe, and ���=<���� Mn/ ��� Fe,not only the widely used
��� Al/ ��� Al, ��� Cl/Cl, and ��� Mn/Mn ratios. In caseof Al and
Mn isotopesthis will virtually eliminatetheneedto tunethe
elementalabundances.

Someuncertaintystill comesfrom modulation,while the
experimentalvaluesfor theratiosmeasuredbyACEarerather
accurate.However, becauseof thevery flat ratio in thecase
of ��� Mn/Mn (below 1 GeV/nucleon)the modulationuncer-
tainty is of minor importance.

Thepreliminaryconclusionto bedrawn from all radioac-
tive nuclei is that, at leastwithin the context of the present
propagationmodel, �;:>"@?A�)B kpc basedon theACE data
andUlysseselementalabundances.This is consistentwith
our previous result �;:@"DCE�GF kpc (Strong and Moska-
lenko, 2001a)andsupportsour previousconclusionthat the
largedispersionbetweentheisotopesis mostlydueto cross-
sectioninaccuracies.
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